The SH2 domain of the C-terminal Src kinase [Csk] contains a unique disulfide bond that is not present in other known SH2 domains. To investigate whether this unusual disulfide bond serves a novel function, the effects of disulfide bond formation on catalytic activity of the full-length protein and on the structure of the SH2 domain were investigated. The kinase activity of full-length Csk decreases by an order of magnitude upon formation of the disulfide bond in the distal SH2 domain. NMR spectra of the fully oxidized and fully reduced SH2 domains exhibit similar chemical shift patterns and are indicative of similar, well-defined tertiary structures. The solvent-accessible disulfide bond in the isolated SH2 domain is highly stable and far from the small lobe of the kinase domain. However, reduction of this bond results in chemical shift changes of resonances that map to a cluster of residues that extend from the disulfide bond across the molecule to a surface that is in direct contact with the small lobe of the kinase domain in the intact molecule. Normal mode analyses and molecular dynamics calculations suggest that disulfide bond formation has large effects on residues within the kinase domain, most notably within the active-site cleft. Overall, the data indicate that reversible cross-linking of two cysteine residues in the SH2 domain greatly impacts catalytic function and interdomain communication in Csk.
Introduction
The Src family of tyrosine kinases (SFKs) are modular enzymes responsible for controlling various aspects of cellular growth and differentiation. 1 SH3 and SH2 domains in the SFKs flank the kinase domain and repress catalytic activity through intrasteric constraints. Most notably, the SH2 domain interacts tightly with a phosphotyrosine residue in the C terminus of the kinase domain, inducing a closed conformation that phosphorylates protein substrates poorly. 2 Dephosphorylation of this tail segment potently activates the kinase domain by removing these interactions and inducing large conformational changes. 3 The phosphorylation state of the C terminus of SFKs is controlled by Csk (C-terminal Src kinase), a ubiquitously expressed tyrosine kinase containing SH2 and SH3 domains. 4 Although Csk is constitutively active and does not require phosphorylation for activity, cellular function is controlled through adaptor proteins. In T-cells, Cbp, a large transmembrane protein, tethers Csk to the plasma membrane via contacts between a phosphotyrosine residue in Cbp (pTy314) and the SH2 domain of Csk. 5, 6 Csk can then phosphorylate and down-regulate SFKs. In addition to Cbp, adaptor proteins such as caveolin-1, paxillin, and IRS-1 co-localize Csk to the membrane using the same strategy, allowing Csk to be recruited to other locations for alternative functions in different cells. 7 The central kinase domain in Csk shares strong homology with other tyrosine kinases, and possesses a smaller nucleotide-binding lobe and a larger substrate-binding lobe as well as an active-site cleft consisting of a catalytic loop (residues 312-319), an Abbreviations used: Csk, carboxyl terminal Src kinase; HSQC, heteronuclear single quantum coherence; IAM, iodoacetamide; MD, molecular dynamics; NMA, normal mode analysis; SH2, Src homology 2 domain; SH3, Src homology 3 domain; SFK, Src family kinase; Src, tyrosine kinase from Rous Sarcoma virus.
E-mail address of the corresponding author: pajennin@chem.ucsd.edu activation loop (residues 332-349) and a glycine-rich loop (residues 202-207) (Figure 1(a) ). The SH2 and SH3 domains in Csk make direct contacts with the nucleotide-binding lobe through linker segments separating the domains (SH3-SH2 and SH2-kinase). 8 The interaction of the SH2 domain with the kinase domain is critical for proper function, since deleting this domain reduces catalytic activity by two orders of magnitude. 9, 10 Furthermore, it appears that this functional enhancement can be guided largely through a narrow surface in direct contact with the small lobe of the kinase domain, since mutation of a single residue in the SH2-kinase linker (Phe183) can mimic the effects of complete SH2 domain deletion. 11 How the neighboring SH2 domain enhances catalysis is unclear. A highly dynamic relationship between the SH2 and kinase domains is suggested by the X-ray structure, 8 and has been supported in solution using backbone amide exchange and normal mode analyses. 12 These studies suggest that activation may be facilitated by cantilever motions between the two domains that induce and relieve stress in key regions of the kinase domain, 8, 13 and has been supported in solution using backbone amide exchange and normal mode analyses.
12
SH2 domains bind avidly to phosphotyrosine sidechains of donor proteins, thereby linking signaling proteins to sites of cellular regulation. 14 SH2 domains are small (∼100 amino acid residues), conserved protein modules composed of a central anti-parallel β sheet flanked by two α helices. Though not reported in the literature, examination of the crystal structure of Csk coupled with biochemical studies herein reveals that the SH2 domain in Csk possesses an additional structural refinement, a novel disulfide bond linking a cysteine residue at αC7 (Cys122 in Csk) with a cysteine residue in the BG loop (Cys164 in Csk) (Figure 1(a) ). 8 We sought to address whether this disulfide bond serves any structural role in the isolated Csk SH2 domain or whether its oxidation state can modulate catalytic activity in the distal kinase domain in the full-length protein. Here, we describe an NMR analysis of the SH2 domain of Csk in both oxidized and reduced forms, and we show how chemical control of this distal structural region is correlated with two unique conformational states of the domain. We show also that the effects of oxidation state on protein conformation are not limited to the SH2 domain, despite being well removed from contact with the catalytic domain but rather extend to the active site of the neighboring kinase domain, an observation supported by activity assays and computational analyses.
Results

Regulation of Csk activity through disulfide bond formation
We wished to determine whether reducing the Cys122-Cys164 disulfide bond in the SH2 domain of Csk would alter catalytic activity in the fulllength protein. To address this issue, we performed in vitro kinetic assays to investigate the role of reducing agents in regulating Csk function. We monitored the ability of Csk to phosphorylate poly (Glu 4 Tyr), a general substrate for tyrosine kinases, in the presence and in the absence of DTT using a 32 P-linked assay. Wild-type Csk was dialyzed overnight in the absence and presence of 1 mM DTT and then assayed. Activities were measured at identical concentrations of enzyme (3 μM) and expressed relative to 100% for Csk in the presence of DTT (Figure 1(b) ). Removal of DTT from Csk results in a large reduction in catalytic activity (about tenfold). This alteration in catalytic activity is not the result of intermolecular disulfide bond formation, as SDS-PAGE with gels lacking reducing agents show that Csk dialyzed in the absence of DTT migrates as a monomer (data not shown). Treatment of the inactivated kinase with DTT in "add back" experiments results in full recovery of the enzyme activity. Thus, the observed effects of a reducing agent on catalytic activity are reversible. We measured the activity of a mutant Csk, (Csk-C164A), as a function of DTT to determine whether the loss and then recovery of activity in wild-type Csk is linked to disulfide bond oxidation state. The activity of Csk-C164A (which removes the disulfide bond) both in the presence and in the absence of DTT is similar to the disulfide-reduced form of wild-type Csk (Figure 1  (b) ). Thus, the kinetic assays suggest that catalytic activity can be regulated in a reversible manner by the oxidation state of a unique disulfide bond 40 Å removed from the active site of Csk.
Oxidation of cysteine residues in Csk is highly specific
Using activity assays, we showed that Csk can be oxidized and reduced reversibly (Figure 1(b) ). We next wished to determine whether oxidation results in chemical modifications of any cysteine side-chains other than disulfide bond formation (e.g. sulfenic and sulfonic acids). To accomplish this, we used a radiolabeled sulfhydryl-modifying agent, [ 14 C] iodoacetamide ([ 14 C]IAM), to estimate all the available free cysteine residues in both the oxidized and reduced forms of Csk. In these experiments, Csk is treated with excess [ 14 C]IAM (100 mM) at 37°C for 1 h at pH 8 before removing all unreacted agent by exhaustive dialysis. In the presence of DTT (5 mM), 100(±10) μM 14 C label was incorporated into 10 μM Csk. For the oxidized sample lacking any DTT, we incorporated 75(±10) μM 14 C label into 10 μM Csk. Thus, while all ten cysteine residues are labeled in reduced Csk, about eight are labeled by [ 14 C]IAM in the oxidized form. This result is consistent with the formation of one disulfide bond in the absence of DTT. To provide further support for these labeling results, we pre-treated oxidized Csk with cold IAM (100 mM) to modify all the available cysteine residues. The modified protein was then reduced with DTT and treated with [
14 C]IAM to modify any available cysteine residues not modified in the cold treatment. Under these conditions, 17(±7) μM 14 C label was incorporated into 10 μM Csk, a value reflecting the modification of two cysteine sidechains. Taken together, the data indicate that the reversible oxidation is specific.
Conformational heterogeneity in the SH2 domain of Csk
We showed that the catalytic activity of Csk is modulated reversibly by disulfide bond formation, and that this activity switch is disconnected upon mutation of Cys164. We next wanted to address the question of whether disulfide bond formation occurs in the isolated SH2 domain. In an effort to address this question, we investigated the conformation of the SH2 domain of Csk as a function of added reducing agent with solution NMR methods. A series of 1 H-15 N heteronuclear single quantum coherence (HSQC) 15 spectra were collected on a purified construct of the isolated domain expressed in bacteria. Visual inspection of the 1 H-15 N HSQC spectra revealed conformational heterogeneity in solution (Figure 2(a) ). Taken together with our analysis of the sequence-specific resonance assignments, the data indicate that 28 of the 101 residues are in slow exchange between two conformations (Figure 2(a) ). The sizeable difference in chemical shift values between the respective resonance sets for individual residues is fairly unusual for SH2 domains, and suggests that the chemical environment of these nuclei is likely disposed in two unique structural conformations. 16, 17 The greatest chemical shift differences occur for residues directly surrounding Cys122 and Cys164 (>5 ppm in the 15 N dimension and >0.3 ppm in the 1 H dimension). Interestingly, the observed chemical shift heterogeneity is not limited to this local environment, but rather is extended to other regions of the structure. For example, there are significant chemical shift differences in residues 96-105, a polypeptide segment distant in primary sequence from the Cys122-Cys164 disulfide bond. Mapping the residues observed to be in slow exchange to the X-ray structure of the Csk SH2 domain 8 reveals that these heterogeneous regions form an extended surface surrounding the Cys122-Cys164 disulfide bond ( Figure 2(d) ). Thus, the NMR data indicate that the SH2 domain of Csk equilibrates between two distinguishable conformations.
Heterogeneity is linked to the oxidation state of the disulfide bond
In an effort to establish the origin of the observed heterogeneity, we performed structural studies of the wild-type SH2 domain as a function of DTT. The 1 H-15 N HSQC spectra of the wild-type Csk SH2 domain (4.0 mM) were collected in the presence of various concentrations of DTT. In the absence of DTT, the spectra indicate that the Csk SH2 domain populates a single conformation. However, addition of intermediate concentrations of DTT (25-100 mM) induces a mixture of forms before a single distinguishable form prevails at high concentration of reducing agent (150 mM). The effects on one representative residue (G47) are shown in Figure 2 (c). At high concentrations of DTT, the disulfide bond in the Csk SH2 domain sample was confirmed as reduced through C α and C β chemical shift analysis (data not shown). Thus, the heterogeneity observed in the initial spectra (Figure 2(a) ) is likely due to a mixture of oxidized and reduced forms of the SH2 domain.
Since the conformational heterogeneity is greatest near the Cys122-Cys164 pair in the SH2 domain, we wondered whether removal of one of the cysteine residues could mimic a single, reduced form of the domain and simplify the observed NMR spectra. To test this possibility, the Cys-to-Ala mutation was made in the isolated SH2 domain (SH2-C164A) and the mutant protein was purified to homogeneity. The HSQC spectrum of C164A is simplified, with each residue now populating only one resonance (Figure 2(b) ). The HSQC spectrum of the fully reduced form (150 mM DTT) of the wild-type SH2 domain overlaps the spectrum of C164A precisely (data not shown), suggesting that mutation fully mimics the reduced form of the protein. Thus, removal of the disulfide bond through either reducing agent or mutation locks the SH2 domain into only one distinguishable conformation.
Removal of the disulfide bond affects distal surfaces on the SH2 domain we used CHARMM to conduct MD simulations of the isolated Csk SH2 domain, with explicit solvent, in order to explore the functional effects of the Cys122-Cys164 disulfide bond. Simulations of the structure with and without the disulfide bond were conducted, and the resultant residue mobilities (Bfactors) and RMSD values from the structure of the SH2 domain of Csk (1K9A.PDB:B) were calculated. The resultant B-factors describe the changes in the amplitudes of motions that specific residues experience, while the RMSD values describe the average displacement of specific residues from the unperturbed structure. Taken together, the theoretical Bfactors and RMSD values are used to assess the physical effects of a specific chemical perturbation on the structure and dynamics of the isolated SH2 domain. Significant mechanical effects were detected upon removal of the disulfide bond, including increased mobilities and decreased fluctuations in various regions encompassing the SH2 domain (Figure 3(a) ). Interestingly, residues distal to the disulfide bridge show the most significant increase in B-factor (residues 135 and 148-153) and form part of the site of the SH2 domain docking onto the small lobe of the kinase domain. Furthermore, the mean displacement of residues from the starting structure (RMSDs) indicates that residues 135-136 and 145-151 display the most significant changes of average position from the starting structure (Figure 3(b) ). Similarly, these residues within the SH2 domain are distal to the disulfide bridge and form contacts with the small lobe of the kinase domain, and may provide a mechanism for the transmission of information to the kinase core.
Communication between the disulfide bond and the active site of Csk In many forms of engineering, frequency analysis is a valuable tool that can be used to learn how a device will respond to external stress. Similarly, frequency analysis of macromolecular machines, such as proteins, can illustrate the response to stress from the cellular environment. Here, we employ normal mode (frequency) analysis (NMA) to study the effects of oxidative stress on the mechanical properties of Csk.
We showed previously that regions of high strain energy develop in and around the SH2-kinase linker owing to cantilever motions of the SH2 domain relative to the kinase domain. 11 Since the SH2 domain is critical for maintaining efficient catalysis in Csk, 10, 18 we wondered whether the oxidation state of the SH2 domain could influence strain energies within the Csk structure and, thus, provide theoretical grounds for understanding the effects of reducing agents on catalytic activity. To address this issue, we compared the normal modes and associated strain energies for Csk, both with and without disulfide bond formation between Cys122 and Cys164. Since crystallographic studies indicate that Csk populates two forms distinguished by the orientation of the SH2 domain relative to the kinase domain, 8 NMA were calculated for the "active" and "inactive" conformations of Csk (1K9A.PDB:B and 1K9A.PDB:C). The normalized projection of the two normal modes (compared for each conformation) for the C α atoms is greater than 0.99999999, indicating that the path for global dynamic changes is being conserved. However, the strain energy is affected significantly by the removal of the Cys122-Cys164 disulfide bond (Figure 4 ). Sizeable reductions in strain energy of residues within the glycine-rich loop (residues 205-207), the catalytic loop (residues 312-315 and 318-319) and the activation loop (residues 332-337 and 347-350) indicate that the active site is influenced strongly by changes in interdomain communication between the kinase and SH2 domains upon disulfide reduction. Furthermore, control experiments where we removed the interactions between Lys203 and Lys225 (chosen at random) had a negligible effect on the motion or strain energy, despite the proximity to the active site. Thus, NMA data indicate that the oxidation state of the disulfide in the SH2 domain can profoundly impact strain energies 40 Å distal to the site of chemical perturbation in both the active and inactive forms of Csk.
Discussion
Crystallographic studies indicate that Csk can populate two forms distinguished by "up" (inactive) or "down" (active) orientations of the SH2 domain relative to the kinase domain. 8 The latter orientation brings active-site residues into proper position for catalysis, whereas the former orientation disrupts these residues owing to a slight rotation of the small lobe of the kinase domain. Earlier backbone amide exchange and NMA studies suggested that this phenomenon may occur also in solution, thereby, constituting a unique regulatory mechanism where cantilever movements of the SH2 domain could facilitate substrate phosphorylation. 11 We now show evidence from NMR studies that the free Csk SH2 domain can exist in two distinct, low-energy conformations in solution, and that the population of these two forms is linked directly to the oxidation state of a novel disulfide bond within the domain. While the precise changes in SH2 domain conformation upon disulfide bond formation awaits more detailed structural investigations, the NMR data indicate that many of the impacted residues map near and some far from the bonded cysteine residues (Figure 2(d) ), and that the chemical linking of the side-chains of these two residues can have effects on multiple surfaces of the SH2 domain. Such findings are consistent with the cantilever model for Csk regulation, and further suggest that the relative motions between the two domains may be initiated, in part, by inherent flexibility within the SH2 domain itself.
How changes in SH2 domain orientation in Csk might influence substrate processing is a perplexing problem. While the SH2 domain up conformer is not considered catalytically competent, both forms could be required for ATP and substrate binding. For example, while the open form of the catalytic subunit of PKA generated by lobe rotations in the kinase domain is considered non-catalytic, it may be important for entry of ligands into the active site. 19, 20 Whether such motions play a similar role in Csk is not clear. We have observed that the binding of ligands to the SH2 domain increases the phosphoryl transfer rate and causes large changes in hydrogendeuterium exchange kinetics and strain energy in the active site. 11 These effects may be conveyed to the active site by changes in the amplitude and/or frequency of the cantilever motions of the SH2 domain. By analogy, it is conceivable that disulfide bond formation in the SH2 domain may lead to activity decreases by altering the population and/or interconversion rates of the active and inactive conformers. MD simulations of the isolated SH2 domain have shown that removal of the disulfide bond can substantially change the mobility of residues that pack against the small lobe of the kinase domain in the intact protein (Figure 3) . Comparative NMA analysis of the full-length protein indicates that changes are not limited to the SH2 domain but extend into the active site upon disruption of the disulfide bond. The region in the active site most sensitive to disulfide bond removal is the glycine-rich loop of Csk (residues 202-207; Figure 4 ) which contains three highly conserved glycine residues that greatly control catalytic activity. 21, 22 We observed that activation of Csk through phosphopeptide binding to the SH2 domain decreases strain energies in this glycine-rich loop. 11 Likewise, in this study, activation of Csk through disulfide bond removal decreases strain in this loop. In addition, our current NMA suggests that removal of the disulfide bond lowers the activation barrier and facilitates the interconversion of the active and inactive states. This interesting correspondence suggests that there may be a direct correlation between changes in strain energies within certain active-site sequences, ground-state fluctuations and catalytic activation.
The observed correlation of changes in strain energy that accompany catalysis is reminiscent of the "elastomeric rack mechanism of enzyme catalysis" proposed by Eyring. 23 In this model, while ordering of the active site structure is necessary to bind the substrate, the large size of the enzyme relative to the active site suggests that the useful function of the enzyme active-site periphery is to facilitate the population of multiple, nearly isoenergetic conformations in solution. These conformations may constitute "open and closed" or "active and inactive" molecules that interconvert during catalytic cycling. The enzyme facilitates catalysis by transmitting stress into the substrate and increasing its reactivity, and "it seems necessary to assume that, in many cases, these stresses must be transmitted mechanically." In this light, the conformational changes in Csk could represent an almost muscular action that facilitates catalysis not unlike a "boa constrictor-like action within the biologically active giant molecules (enzyme) that accompanies their conformational changes. Any victim (substrate) caught in the writhing coils of a boa constrictor would do anything to get out, including reacting chemically." 23 While the effects of disulfide bond reduction on strain energies within the active site are correlated with activity increases (Figures 1(b) and 4) , this chemical modification has other effects on Csk. For example, decreases in strain energy in the active site are accompanied by increases in strain energies in other regions of the kinase domain ( Figure 4) . Removal of the disulfide bond increases strain near the SH2-kinase linker (residues 72-81) and the hinge region connecting the small and large lobes within the kinase domain (residues 267-272). This could be the result of cantilever motions that rock the SH2 domain counterclockwise about the SH2-kinase linker, increasing strain at the lobe hinge and subsequently relieving strain at the active site. In this manner, mechanical stresses are finely tuned in Csk with increases in strain at some regions being carefully balanced by decreases at other regions. This communication is reminiscent of studies on dihydrofolate reductase, where a network of coupled motions work cohesively to support substrate binding and catalysis. 24 The presence of a novel disulfide bond in the SH2 domain of Csk raises some very compelling questions regarding biological control of activity. While it is normally assumed that disulfide bonds will be unstable in the reducing environment of the cell, we have detected this disulfide in the presence of intermediate levels of DTT (Figures 1(a) and 2(a) ). Whether this bond is present in the cell under normal conditions is unknown. We propose that given the close apposition of both cysteine residues in the structure, a portion of the Csk molecules may be oxidized in certain cell types. While Csk is a cytosolic enzyme, it is normally localized to lipid rafts in T-cells via the Cbp adaptor protein. 25 Localization of this type could further shield the disulfide from oxidation. Another exciting possibility is that the disulfide bond may be highly sensitive to oxidative conditions such as those anticipated in inflammatory cells where superoxides are generated upon cell activation. 26, 27 Whether such inducible conditions could chemically modify the disulfide bond is unknown but it raises compelling questions regarding the regulation of Csk under certain conditions of oxidative stress. 
Materials and Methods
Materials
Generation of Csk constructs
His 6 -tagged full-length human Csk 28 was used as the template to generate the C164A point mutation introduced by the Quick-Change (Stratagene) method. The gene segment encoding the Csk SH2 domain, residues 78-178, was amplified by PCR. The amplified fragment was cloned into the pET-21a(+) vector at the BamHIXhoI sites. All constructs were confirmed by DNA sequencing.
Protein expression and purification
Full-length Csk enzymes were expressed in Escherichia coli strain BL21(DE3) as described, 29 and purified by Ni 2+ affinity chromatography as described. 28 The purified fulllength enzymes were dialyzed against 10 mM Tris-HCl (pH 8.0), 100 mM KCl with 10% (v/v) glycerol and then concentrated to approximately 50 μM and stored at -80°C. The Csk SH2 domain constructs were expressed in E. coli strain BL21(DE3) as described 30 in modified M9 minimal medium and were purified by Ni 2+ affinity chromatography as described. 28 The modified M9 medium contained [ 15 N]ammonium sulfate (2 g/l) and/or [ 13 C]glucose (2 g/l) for uniformly 15 N-labeled and 13 C, 15 N-labeled protein, respectively. The purified Csk SH2 constructs were dialyzed against 10 mM phosphate buffer (pH 7.0), 50 mM NaCl, 0.5 mM DTT and then concentrated to approximately 1-4 mM for NMR experiments. Various concentrations of DTT were added to a Csk SH2 domain sample with no DTT present in the buffer for NMR experiments. All protein samples contained 5% (v/v) 2 H 2 O for NMR experiments. Concentrations of protein were determined as described 31 and purity was assessed by SDS-PAGE.
NMR spectroscopy
All NMR spectra were acquired at 25°C on a Bruker DMX 500 MHz spectrometer. A gradient-enhanced HSQC experiment with minimal water saturation was used for all 1 H-15 N correlation experiments. 15 Sequence-specific assignments of the polypeptide backbone resonances of the Csk SH2 domain were obtained by standard triple resonance techniques. 32 The programs NMRPipe 33 and Sparky † were used for spectral processing and data analysis, respectively.
Autographic assay for poly(Glu 4 Tyr) phosphorylation
Time-dependent phosphorylation of poly(Glu 4 Tyr) (5 mg/ml) by wild-type or mutant Csk enzymes (3 μM) was carried out in 100 mM Mops (pH 7.0), 100 mM KCl, 10 mM free Mg 2+ , [γ-32 P]ATP (600-1000 cpm pmol −1 ) in the presence and in the absence of 1 mM DTT at 23°C. Reactions were quenched with 10 μl of SDS-PAGE loading buffer. A fraction of the total quenched reaction mixture (20 μl) was separated by SDS-PAGE (10% (w/v) polyacrylamide gel). Bands corresponding to the phosphorylated poly(Glu 4 Tyr) peptide were excised from the dried gel and 32 P quantified in liquid scintillant. The activity of the enzymes was attained by measuring the first minute of the reaction and establishing the initial velocity of the reaction.
Cysteine alkylation using [ 14 C]iodoacetamide
The number of free cysteine residues was measured using a sulfhydryl-modifying agent, [ 14 C]IAM. Full-length 10 μM Csk dialyzed in the presence or in the absence of 5 mM DTT was treated with 100 mM [ 14 C]IAM at 37°C in the dark for 1 h in 10 mM Tris-HCl (pH 8), 6 M GdnHCl, 100 mM KCl, 10% glycerol. Unreacted [ 14 C]IAM was then removed from each sample using dialysis and the incorporation of 14 C into the Csk samples was quantified in liquid scintillant. This protocol was performed also for samples lacking Csk, and these radioactivity counts were subtracted from the samples containing Csk. To determine how many cysteine residues are involved in disulfide bond formation, a sequential modification-reduction protocol was employed. 34 Csk dialyzed in the absence of DTT was reacted with 100 mM unlabeled IAM using the same conditions as those used for the labeled reagent. After this time, 50 mM DTT was added to reduce any disulfide bonds present. After incubation for 1 h at 37°C, [ 14 C]IAM was added to alkylate irreversibly all newly reduced cysteine residues.
All-atom calculations
MD was performed on the SH2 domain (residues 78-178) of the active form of Csk (chain B in 1K9A.PDB) 8 using CHARMM 35 with the potential function parameter set 22. The 1.5 ns runs were performed with and without a disulfide bond connecting Cys122 and Cys164. Both simulations were run with constant pressure (1 atm = 101,325 Pa) and temperature (300 K). Explicit water was modeled with the TIP3P potential in an orthorhombic cell of linear dimensions 60 Å, 53 Å and 52 Å with periodic boundary conditions. 36 For non-bonded terms, we used a cutoff of 14 Å, a shifting function for van der Waals interactions and a force-switching function for electrostatics. The SHAKE algorithm 37 was used to constrain covalent bonds involving hydrogen atoms. The Verlet algorithm was used with an integration step of 2 fs. The RMSD of the Cα atoms was computed for residues 83-173 using PROFIT ‡. Contacts of structural units (CSU) were derived with CSU software. 38 Normal mode analysis (NMA) NMA was conducted on the active conformation of Csk using CHARMM 35 with the Tirion Potential, 39 in conjunction with the RTB method. 40 In NMA, the dynamic properties of a biological system are approximated as a set of independent harmonic oscillators (i.e. normal modes). Two sets of normal modes were determined, one set corresponding to all atoms within 8 Å interacting, including interactions between Cys122 and Cys164, and one set without interactions between Cys122 and Cys164. Strain energy was calculated as described, 41 and the difference in strain was determined.
